We analyze pulse self-compression in femtosecond filaments, both experimentally and numerically. We experimentally demonstrate the compression of 45 fs pulses down to a duration of 7.4 fs at millijoule pulse energies. This sixfold compression in a self-generated filament does not require any means for dispersion compensation and is highly efficient. We compare our results to numerical simulations, providing a complete propagation model that accounts for full dispersion, pressure variations, Kerr nonlinearity and plasma generation in multiphoton and tunnel regimes. The equations are numerically integrated and allow for a quantitative comparison with the experiment. Our experiments and numerical simulations reveal a characteristic spectrotemporal structure of the self-compressed pulses, consisting of a compressible blue wing and an incompressible red pedestal. We explain the underlying mechanism that leads to this structure and examine the scalability of filament self-compression with respect to pulse energy and gas pressure.
I. INTRODUCTION
Combining linear and nonlinear pulse shaping mechanisms for the compression of laser pulses ͓1͔ to ever shorter durations is a proven concept in femtosecond laser physics, enabling the generation of pulses with durations approaching the optical cycle ͓2͔. Self-phase modulation, commonly used as the nonlinear ingredient of pulse compression schemes, generates new spectral content in the wings of the pulse. Carefully adjusted dispersion, acting as the linear counterpart, pulls the newly generated spectral components back into the temporal center of the pulse. The exact balance of these two processes can give rise to stable pulse shapes known as optical solitons ͓3,4͔, which, in the absence of dissipation, can propagate indefinitely in optical fibers without changing their shape. Moreover, higher-order solitons can also be exploited for pulse shortening ͓5͔, without necessity for external dispersion compensation.
The concept of temporal solitons was readily extended to the spatial domain ͓6͔, with self-trapped beam profiles arising from the competition of diffraction and self-focusing. Such beams propagate without being diffracted for extended lengths in a nonlinear medium. Using intense femtosecond laser pulses, similar self-trapping was also observed for the competition of Kerr-type self-focusing and the defocusing action of free electrons generated via photoionization of the ambient atoms. This process is also referred to as filamentation ͓7͔. Ultrashort pulses with powers above the critical power for self-focusing produce a narrow selfgenerated waveguide with a length substantially exceeding the Rayleigh length of the beam. Ultimately, it is desirable to combine both, spatial self-channeling and temporal compression, for the formation of an "optical light bullet" ͓8͔, i.e., aspatiotemporal wave packet that contracts itself as close as possible to the optical cycle in either dimension, with the self-contraction being accompanied by an intensity increase of several orders of magnitude. The temporal evolution of femtosecond pulses during filament formation has been shown to exhibit self-compression, both theoretically ͓9-13͔ and also experimentally ͓14-16͔. In the turn of filamentary beam stabilization, an ionization front is generated that will also affect the subsequent temporal structure of the pulse via plasma defocusing and cause damping of the trailing part of the pulse. This single-sided depletion can give rise to some effective pulse compression ͓10͔. However, other effects such as chromatic dispersion, pulse steepening, and nonlinear losses limit this shortening mechanism. The rear pulse may eventually refocus, which usually produces a characteristic double-peaked temporal distribution ͓17,18͔, with either peak occupying a temporal extension of the order of the input pulse duration. Proper pulse compression to the fewcycle regime, instead, requires the isolation of one ͑at least dominant͒ peak shortened relative to the input pulse.
Exploitation of combined spatial and temporal shaping for efficient compression of an isolated femtosecond pulse has been subject to extensive experimental ͓14-16,19͔ and theoretical investigations, both in gaseous media ͓10-12,17,18͔ as well as in solid dielectrics ͓9,20-22͔. For example, it was numerically demonstrated that plasma-induced subpulses with duration down to a single optical cycle can propagate for tens of centimeters in pressurized argon cells ͓11͔. Later, Hauri et al. used a configuration of two cascaded gas-filled cells with intermittent and subsequent dispersion compensation for producing submillijoule light pulses with durations down to 5.7 fs ͓19͔. It was later suggested that this scheme could be further improved when a single cell with a pressure gradient is used instead, potentially resulting in pulses with a single-cycle temporal signature ͓12͔. Despite some first results with pressure gradients that were mainly directed at compression with higher pulse energies ͓23͔, it appears *Electronic address: stefan.skupin@cea.fr cumbersome to adjust the pressure gradient for optimum compression to extremely short pulse duration. In a recent experimental demonstration, Stibenz et al. demonstrated highly efficient pure self-compression of 45 fs pulses down to below 10 fs duration, obliterating the need for any kind of dispersion compensation, pressure gradients, or capillaries for beam guiding ͓16͔. The physical mechanism enabling this simple self-compression scheme for generation of sub-10-fs pulses with several millijoule of pulse energy, however, is still not fully understood.
In this work, we will conduct a careful analysis of our experimental data on self-compression in femtosecond filaments and compare these to an extensive numerical model. For the first time we demonstrate quantitative agreement between the self-compression experiments and the numerical model. This agreement is pushed to the point that numerical simulations do reproduce filament range, temporal distributions, together with the intensity and phase spectra as those achieved in the laboratory. Our numerical simulations indicate a small parameter range, in which a delicate balance between beam power, input waist, and focusing geometry prevents secondary or oscillatory refocusing events in the evolution of the filament. Once collapsed, the beam propagates in a stable beam geometry for up to 50 cm. This is also confirmed in our experiments. Inside the gas cell, we observe isolated fluorescence channels stretching over up to 50 cm length, indicative of plasma channel and beam confinement in this region. Simultaneously, the blue wing of the pulse is compressed in the temporal domain down to about 10 fs pulse duration, with an excellent agreement between numerical model and experimental results.
The paper is organized as follows: in Sec. II we will provide a detailed analysis of our experimental results on selfcompression in argon and krypton, revealing a characteristic structure of the pulses generated in the filament. Our experimental account will be complemented by corresponding numerical results in Sec. III. Detailed insight into the propagation dynamics allows us to explain the pulse shortening mechanism. Furthermore, we analyze the influence of various input parameters such as beam waist, energy, gas pressure, and focusing geometry on the propagation dynamics. We will subsequently discuss and compare experimental and theoretical findings ͑Sec. IV͒ and end with an outlook on the further potential of the method described.
II. EXPERIMENT
For our experimental investigations on self-compression in femtosecond filaments, we employed two different laser sources. Most experiments were carried out with a Ti:sapphire amplifier system that delivers 45 fs pulses at a repetition rate of 1 kHz, a center wavelength of 803 nm, and up to 5 mJ pulse energy ͓24͔. This laser system consists of a firststage regenerative amplifier, delivering 1.7 mJ of pulse energy, and a subsequent dual-pass booster amplifier, employing a cooled Ti:sapphire crystal ͑T = 213 K͒. Compared to other Ti:sapphire laser systems with comparable energy, this laser exhibits an extremely clean beam profile ͑Strehl ratio Ϸ0.97, corresponding to an rms wave-front distortion of 1 / 40 wave͒ and very small pulse-to-pulse energy fluctuations of 0.3% ͑rms͒. Further experiments were carried out with a 10 Hz Ti:sapphire amplifier system, capable of delivering pulses with up to 100 mJ energy at 40 fs FWHM duration.
The laser output is focused into a gas cell with dielectric concave mirrors as shown in Fig. 1 . The cell is filled with a noble gas, the pressure being adjustable between zero and atmospheric pressure. The cell is equipped with two Brewster-angled silica windows. For the experiments with the kHz laser, we used 1 in. diameter windows of 0.5 mm thickness and a cell length of 1 m. For focusing an f = 1.5 m mirror was employed. The high-energy experiments were carried out with 2 in. diameter windows of 1 mm thickness, an f = 2.5 m mirror, and the cell was expanded to 3 m length. We found it useful to insert a diaphragm between laser and focusing mirror to adjust power levels to just below the onset of multifilamentation inside the gas cell. The output of the cell is diagnosed by a spectrograph and by spectral phase interferometry for direct electric-field reconstruction ͑SPIDER ͓25-27͔͒. To avoid damage in the nonlinear crystal of the pulse characterization setup, the beam had to be attenuated by about a factor 100. This was done in two steps, first by reflecting the beam off the first surface of a silica wedge ͑prism͒ and then further by inserting an adjustable diaphragm into the beam. The silica prism was placed such that the beam had already widened substantially to avoid surface damage or any nonlinear effects in the attenuation process. The diaphragm D2 was set to transmit the central part of the beam, corresponding to 10% to 20% of the pulse energy. The experimental results shown therefore reflect the central part of the beam profile, but not an average over the total beam diameter. It must be emphasized that we did not introduce negative dispersion in between gas cell and diagnostics, which sets our experiments apart from earlier approaches to filament compression ͓19͔.
Filament compression requires a careful tuning of the nonlinear dynamics inside the gas cell. When power levels are chosen too low, the limited spectral broadening allows only for marginal compression of the pulse duration. On the other hand, multifilamentation sets in if pressures or power levels are chosen too high. Therefore optimum performance is to be expected right below the onset of the beam breakup. Using argon and input energies of 2.5 mJ, multifilamentation sets in slightly above 60 kPa; filaments in krypton stay stable up to 30 kPa. The dispersion of the output window and the FIG. 1. ͑Color online͒ Setup employed in the experiments. FM, focusing mirror; D1, D2, adjustable diaphragms; P, prism used for beam attenuation; SPIDER, pulse characterization system. air path to the SPIDER setup amount to 80 fs 2 for the lowenergy kHz system, and to 160 fs 2 for the high-energy experiments. Therefore, measurement of pulses with a flat spectral phase imply generation of slightly negatively chirped pulses within the filament. In fact, we even found it necessary to introduce additional positive dispersion between filament cell and diagnostics in some of the experiments described in Ref. ͓16͔ . Figure 2 shows several results obtained in the critical regime in krypton at a pressure of 30 kPa. A typical pulse shape as observed at the output of the cell is depicted as the solid line in Fig. 2͑a͒ . This particular pulse has a FWHM duration of 7.4 fs. For comparison, the 45 fs input pulse shape is also shown as a dashed line, clearly revealing a sixfold decrease in pulse duration as a consequence of the self-compression in the filament. Corresponding spectra are shown in Fig. 2͑b͒ . The pulse shapes are quite characteristic, as shown by a second independent measurement with 7.8 fs duration ͓Fig. 2͑c͔͒. This pulse shows a similar asymmetric pulse shape, consisting of one isolated peak and a leading pedestal structure with a duration of about 50 fs. It should be pointed out that experimental parameters have been optimized to generate the shortest pulses in the diagnostic system, which incorporates dispersion of the output window and the air path to the diagnostics. However, the transients in Figs. 2͑a͒ and 2͑c͒ are modified by this small dispersion, leading to a change in pulse duration of a few femtoseconds only, yet still much shorter than the input pulse. Therefore the observed short pulses are a manifestation of self-compression by the filamentation process and only minimally affected by the dispersion in the beam path.
The nonlinear dynamics of the filament also has a characteristic fingerprint in the spectral domain with much stronger spectral broadening on the blue side than on the red side of the spectrum. While the blue shoulder of the broadened spectrum is rather smooth, the vicinity of the pump wavelength is dominated by several spectrally isolated spikes. Some spectrally narrow features appear to be generated in the cell windows. For the most part, however, these spikes originate from the filamentation process taking place inside the cell. Figure 2͑d͒ shows measured spectral phases corresponding to the two compressed pulses displayed in Figs. 2͑a͒ and 2͑c͒. Quite characteristically, these spectral phases display a recurring kink located at the blue edge of the pump spectrum at Ϸ 2.4 PHz. It is well known that the SPIDER technique may produce a similarly looking phase kink artifact ͓26,28͔.
To exclude such an artifact we made careful checks to ensure the integrity of the SPIDER data at the location of the kink. As will be discussed below, the occurrence of similar spectral kinks in the numerical data ͑cf. Fig. 6͒ further supports us in excluding such an artifact. The slope discontinuity corresponds to a difference in group delay between adjacent segments, i.e., our spectra essentially decompose into two parts that have been separated in group delay inside the filament. The red part covers the spectral range of the pump pulse, whereas the blue part extends over the newly generated spectral content in the short wavelength wing of the spectrum. Based on the data in Figs. 2͑a͒ and 2͑c͒, this is further analyzed in Fig. 3͑a͒ , which displays the pulse shapes reconstructed from the blue part of the spectrum only ͑ Ͼ 2.4 PHz͒, as compared to the one resulting from the red part only. Clearly, the latter gives rise to a leading uncompressed pedestal structure whereas self-compression appears to be limited to the blue part of the spectrum, giving rise to the trailing isolated sub-10-fs structure observed in Fig. 2 .
An alternative way of visualizing the spectrotemporal structure of the self-compressed pulses is shown in Fig. 3͑b͒ . Assuming an unchirped 10-fs Gaussian reference pulse, we computed cross-correlation frequency-resolved optical gating ͑XFROG͒ traces ͓29͔ from the measured experimental data. Note that this choice of a short reference pulse provides high temporal but low spectral resolution. XFROG traces allow for an intuitive interpretation of the spectrotemporal structure of a pulse ͓30͔. For our experimental situation, the XFROG analysis clearly identifies a self-compressed blue FIG. 2. Characterization of self-compressed pulses generated in a 30 kPa krypton atmosphere. Input energy, 2.5 mJ; output energy, 2 mJ. ͑a͒ Output pulse shape of a 7.4 fs pulse ͑solid line͒ in comparison to the 45 fs input pulse ͑dashed line͒. Pulse shapes are normalized to equal peak power. ͑b͒ Corresponding spectra normalized to equal peak power density. ͑c͒ Output pulse with 7.8 fs duration. ͑d͒ Spectral phases recorded by SPIDER. The solid line corresponds to the transient displayed in ͑a͒, the dashed line to the one in ͑c͒.
FIG. 3. ͑Color online͒ Analysis of the self-compression mechanism. ͑a͒ Pulse shape from Fig. 2͑a͒ ͑solid line͒ in comparison to the temporal shape of the blue and red part of the spectrum ͑blue and red lines, respectively͒, separated at = 2.4 PHz. The energy content in the pedestal is 40% of the detected pulse energy. ͑b͒ Calculated XFROG trace of the pulse shown in ͑a͒, assuming an unchirped 10 fs ͑FWHM͒ Gaussian reference pulse.
section of the pulse at zero delay, centered at = 2.5 PHz and a separated pedestal pulse located at a delay of Ϸ−15 fs and at = 2.2 PHz. The shape of the XFROG spectrogram is very characteristic, resembling the mirror image of the greek letter ⌫. This ⌫ shape will reappear in the subsequent discussion, however, with varying temporal separation and weight between the two sections. In the XFROG representation dispersive effects can be easily accounted for as they chiefly induce a horizontal shear of the traces shown. Therefore it will be possible to compare experimental and numerical results in Sec. IV, even though some small amount of dispersion from air paths or cell windows may have affected the experimental results.
We further conducted self-compression studies with argon. As argon has a lower nonlinearity, these experiments were performed at a higher pressure compared to krypton to produce the maximum spectral broadening before multifilamentation sets in. The experiments shown in Fig. 4 have been conducted at a pressure of 50 kPa. Figure 4͑a͒ shows the reconstructed temporal profile of a pulse with 11 fs pulse duration. This pulse shows again the characteristic asymmetry of an elongated leading edge and a steep trailing edge. The XFROG analysis in Fig. 4͑b͒ reveals the same ⌫ structure with a leading red pedestal as seen in the krypton experiments, however, with a less pronounced temporal separation between pedestal and main pulse. Spectral amplitude and phase again show a similar structure as with Kr, with a strongly structured red wing, a smooth blue shoulder, and a phase kink at the transition between the two spectral parts of the pulse.
Using the second laser described in the introduction, we further investigated the scaling behavior of filament compression towards even higher pulse energies. As this laser works at 10 Hz, it exhibits much stronger pulse-to-pulse fluctuations and an inferior beam profile. We could nevertheless confirm self-compression in Ar and Kr also with this laser. For doing so we had to measure over many shots, with only about Ϸ10% of the measurements exhibiting a significant self-compression. This small percentage is due to combined beam-pointing variations and energy fluctuations of the pulses. Self-compression, however, appears to be restricted to a relatively small window of input pulse energies ranging from about 2 to 5 mJ. Even at greatly reduced pressures or using even lighter gases such as neon, we were not able to produce sufficient spectral broadening for 10 fs pulses at higher pulse energies without the onset of multifilamentation.
Our experimental results indicate that compression is most efficient in the newly generated blue wing of the pulse. In general, the red part appears temporally stretched, as already indicated by numerous sharp spectral features in that spectral region. The XFROG reconstructions reveal that the red pedestal is leading, whereas the spectral broadening takes place in the trailing edge of the pulse. As the red pedestal is spectrally separated from the main pulse at least for some of our experimental results, it appears promising to further clean the pulse structure by rejecting the red wing of the spectrum with suitable filters. Moreover, as indicated by the numerical simulations discussed below, the strength of the red pedestal may be affected by distortions in the pulse profile. Shaping of the input pulse or suppression of pulse distortions in the input window may yet hold another possibility to further suppress or reduce this component.
Despite all this insight, any pulse diagnostics is descriptive and restricted to analyzing the output of the filament. With the availability of the spectral phase, one can trace back simple linear effects like dispersion. Yet it is impossible to look directly into the complex nonlinear spatiotemporal pulse shaping processes inside the filament. In the following, we will therefore present numerical simulations of the filamentation in argon and compare it to our experimental findings.
III. SIMULATION
In our numerical simulations we restrict ourselves to propagation in argon for mostly technical reasons. First, more reliable material parameters are available for argon than for krypton. Second, we are quite confident in our implementation of the photoionization for argon, since it was cross-checked against calculations using the time-dependent Schrödinger equation ͓31,32͔. For the moment, we do not have a similar implementation for krypton. Third, our experimental results show that the difference of using argon or krypton in the compressor are of quantitative nature only. Hence, to understand the underlying physics it should be sufficient to study one of the experimental examples.
Let us recall the propagation equations coupling the electric field envelope E with the electron plasma density ͑see, e.g., Ref. ͓33͔͒,
͑Color online͒ Characterization of self-compressed pulses generated in a 50 kPa argon atmosphere. Input energy, 4.5 mJ; output energy, 3 mJ. ͑a͒ Temporal pulse shape as measured. The energy content of the pedestal is 20% of the detected pulse energy. ͑b͒ XFROG trace assuming an unchirped 10 fs ͑FWHM͒ Gaussian reference pulse. ͑c͒ Spectral power density. ͑d͒ Spectral phase, with the group delay adjusted for optimal visibility.
where I = ͉E͉ 2 , ٌ Ќ 2 = r −1 ‫ץ‬ r r‫ץ‬ r , and T =1+͑i / 0 ‫ץ͒‬ t . The dispersion operator D is treated in Fourier domain in the form
where k 0 = n 0 0 / c = k͑ 0 ͒ is the wave number at the laser frequency. Accounting for the pressure dependence of the dispersion relation k͑͒, we re-express it in terms of the linear refractive index n at at atmospheric pressure, i.e.,
with p being the pressure ratio with respect to one atmosphere. For argon, the dispersion of n at is given in Ref. where P in , w 0 , t p , and f denote input peak power, beam waist, pulse duration, and effective focal length, respectively. Throughout the paper, we will use full-width at halfmaximum ͑FWHM͒ values with respect to the intensity and beam energy to characterize the input pulses, namely, t FWHM = ͱ 2 ln 2t p , w FWHM = ͱ 2 ln 2w 0 , and E in = ͱ /2t p P in .
Simulations assume the entire propagation of the beam in argon at constant pressure. Compared to the actual experimental setup this means the following simplifications: First, we do not take into account that the pulse initially traverses free air instead of argon ͑1 m͒. Since this only affects the low-intensity propagation before pulse shortening takes place, it should have small influence on the results. Second, we neglect the propagation through the windows of the argon chamber ͑0.5 mm͒, which is justified by their small thickness. Moreover, by doing so we can be sure that the compression really takes place inside the argon cell. Finally, we do not account for the air paths in the experimental diagnostics, but this effect is readily understood in the XFROG diagrams as causing a slight horizontal skew of the XFROG trace.
In order to reproduce the experimental pulse shortening we choose parameters leading to an optimal compression in argon, i.e., E in = 4 mJ, t FWHM = 45 fs, w FWHM = 11 mm, and f = 1.5 m. This corresponds to an input peak power P in =5P cr , where P cr Ӎ 0 2 /2n 0 n 2 denotes the usual critical power for self-focusing of Gaussian beams. Figure 5 shows the peak intensity ͑solid curve͒, the beam diameter ͑FWHM of the fluence distribution, dashed curve͒ ͓Fig. 5͑a͔͒, the energy loss ͑solid curve͒ and peak electron density ͑dashed curve͒ ͓Fig. 5͑b͔͒ along the second half of the 2 m long propagation, which actually corresponds to the gas tube of the experimental setup. The nonlinear focus, from which the filament starts, arises at z c Ӎ 1.45 m, i.e., slightly before the linear focus of 1.5 m, in agreement with Marburger's formula ͓43͔. The filament intensity reaches ϳ100 TW/ cm 2 before relaxing to ϳ30 TW/ cm 2 just after the linear focus. FIG. 5 . ͑Color online͒ ͑a͒ Peak intensity ͑solid curve͒ and FWHM of fluence ͑dashed curve͒, ͑b͒ beam energy ͑solid curve͒ and peak electron density ͑dashed curve͒ from a 45 fs ͑FWHM͒, 11 mm ͑FWHM͒, 4 mJ ͑P in =5P cr ͒ initially Gaussian pulse propagating in focused geometry ͑f = 1.5 m͒ in argon at the pressure of 60 kPa. ͑c͒ On-axis temporal evolution of the same pulse in the ͑t , z͒ plane.
This behavior makes the electron density decrease from ϳ10 17 cm −3 to a lower level of ϳ10 13 cm −3 , along which the filament keeps a constant diameter of ϳ300 m. This sudden intensity drop limits the ionization induced losses, which amount to only about 10% of the input pulse energy.
Figures 5͑c͒ and 6͑a͒ detail the on-axis ͑r =0͒ temporal evolution of the pulse in the ͑t , z͒ plane. First, at the nonlinear focus z c , the front of the pulse focuses, and plasma depletes the rear part of the pulse. Second, at the position of the linear focus z Ӎ 1.5 m the plasma density decreases, and the back of the pulse rises. Finally, from z Ӎ 1.6 m, only the components close to center with intensity levels above 10 13 W/cm 2 are effectively trapped in the filament, whereas the temporal wings diffract rapidly. This remarkable dynamics allow the formation of a temporally compressed "light bullet" of 11 fs duration in the core region of the filament: Both front and back of the initial pulse undergo collapse dynamics in the focal area and spread afterwards, whereas the pulse-center forms a narrow "waveguide" preserving its energy at low plasma density levels after the linear focus. Figure 6͑c͒ shows the corresponding on-axis intensity spectra, indicating strong spectral broadening mainly induced by self-phase modulation. For the most part this spectral broadening is restricted to the self-guided regime between z Ӎ 1.6 m and z Ӎ 2 m, and corresponds to temporal compression from 26 fs to 11 fs ͑FWHM͒ ͓see Fig. 6͑a͔͒ . Figure 2͑d͒ represents the spectral phase at the same longitudinal distances. This spectral phase is numerically calculated from the Fourier transform of the complex field envelope and adjusted by subtracting a group delay corresponding to the shift of this envelope along the time direction as done with experimental data. Inside the self-guided regime between 1.6 and 2 m, the phase of the blue wing is almost flat, and we observe a characteristic kink when passing to the red wing. These features are in excellent agreement with our SPIDER measurements, displayed in Figs. 2͑d͒ and 4͑d͒ . Moreover, we observe that the phase kink relaxes upon propagation in the "waveguide." This behavior must be attributed to the action of the operators T and T −1 in the propagation Eq. ͑1͒. We find it interesting to note in this context that we were not able to observe a similar pulse shortening for the above input pulse when setting these operators to unity.
IV. DISCUSSION
The comparison of Figs. 4 and 6 already revealed remarkable similarities between experimental data and numerical simulations. As the theoretical data display similar phase kinks as the measurements, we also computed XFROG traces from the former to achieve a better understanding of the spectrotemporal structure of the pulses. This spectrogram is shown in Fig. 6͑b͒ , and it displays a similar structure as the pulse shown in Fig. 4͑b͒ . The elongated leading tail is located in the red wing of the spectrum, i.e., as in the measurements. The blue part of the pulse taken by itself appears to be almost pedestal free and symmetric in time. As one can already expect by comparing the spectral data in Figs. 4 and 6, the red pedestal is less pronounced in the simulation data. We attribute this difference to initial perturbations in the experimental pulse shape, which was assumed to be Gaussian in the simulations. Comparing XFROG traces from different experimental shots reveal certain fluctuations in the extent and strength of this pedestal, whereas the compressible blue section remains relatively stable. This observation further supports this assumption.
When using filamentation for pulse compression, the spatiotemporal structure of the compressed pulse is an immediate concern. In particular, situations may arise where compression is limited to a small radial section in the pulse, which may render this method rather useless for practical applications. As a check on this, we computed in Fig.  7͑a͒ -7͑c͒ the power distribution inside circular regions of different diameters surrounding the filament. The solid curves correspond to the "compressor" exit at z = 2 m, the dashed ones to z = 1.6 m at the onset of "waveguide" formation. Actually only the central beam component with diameter = 100 m exhibiting the highest intensity supports self-compression to a duration of 11 fs ͓see Fig. 7͑c͔͒ . This is due to the fact that the front and rear part of the pulse are diffracted, whereas the pulse center is spatially focused, as is clearly visible in Fig. 7͑d͒ . Speaking in terms of energies, about 16% of the output energy are compressed to 28 fs ͓Fig. 7͑a͔͒, 6% to 15 fs ͓Fig. 7͑b͔͒ and about 1% of the output energy are compressed to 11 fs ͓Fig. 7͑c͔͒. In this context, it is interesting to note that this shortening mechanism takes place in the post-ionization stage of the self-guiding range. Similar stable, long-living compressed temporal structures were numerically reported in the post-ionization dynamics of atmospheric femtosecond filaments ͓44͔.
So far, we have cleared up the mechanism underlying the observed pulse shortening. Also termed pulse compression, FIG. 6 . ͑Color online͒ ͑a͒ On-axis intensity profiles vs time at z = 1.6 m ͑dashed curve͒ and z =2 m ͑solid curve͒ for the same pulse as in Fig. 5 . ͑b͒ XFROG trace of the on-axis fields at z = 2 m computed using an unchirped 10 fs ͑FWHM͒ Gaussian reference pulse. ͑c͒ On-axis spectral intensity at z = 1.6 m ͑dashed curve͒, z =2 m ͑solid curve͒, and ͑d͒ corresponding on-axis spectral phases for the same pulses with group delay adjusted for optimal visibility.
this phenomenon resembles more a spatiotemporal redistribution resulting in the formation of a temporally short structure in the beam center only. In terms of power, we clearly have a trade off between compressed power and compression rate ͓Figs. 7͑a͒-7͑c͔͒.
Only the central high intensity component of the pulse is compressed ͑Fig. 7͒. For applications involving multiphoton processes, such as, e.g., high-harmonic generation, only this component will play a role. In order to estimate the diameter N of the active section of the beam for an N-photon process we may use
Computed from the intensity distribution of Fig. 7͑d͒ we find 2 Ӎ 820 m, but for N = 5 we already have 5 Ӎ 110 m.
Our experimental results show that the efficiency of pulse shortening crucially depends on the input beam parameters. In order to quantify these effects we performed several simulations summarized in Fig. 8 . By varying either pulse energy or beam waist by Ϸ10% the observed pulse length at z = 2 m is increased by more than 50%. Figure 8͑a͒ shows the peak intensities of pulses having the same characteristics as before, except that their input power is either 4.5 ͑solid curve͒ or 5.5 times critical ͑dashed curve͒, which corresponds to 3.6 or 4.4 mJ, respectively. These pulses either diffract or relaunch another focusing and defocusing sequence, so that the durations attained in their most intense component at the exit ͑z =2 m͒ are larger than for the optimal configuration with 4 mJ ͑see insets͒. Figure 8͑b͒ illustrates the same quantities at constant power ͑5P cr ͒, but with the FWHM beam waist varied from 10 mm ͑solid curve͒ to 12 mm ͑dashed curve͒. Modifying the beam waist essentially reproduces the behavior seen for variation of the input energy, with a higher energy being equivalent to a reduction of beam diameter. In particular, a second focusing and defocusing cycle is triggered for a narrower beam, while diffraction occurs more rapidly for a broader waist, yielding longer durations ͑see insets͒. Hence, for the present setup only the narrow interval of parameters centered around w FWHM = 10 mm and powers close to 5 times critical permits reaching pulse durations ϳ10 fs, i.e., less than one-quarter of the initial FWHM duration.
As the excitation of a new focusing sequence depends on the location of the nonlinear focus, z c , the role of the focal length f also appears to be important and leads to analogous variations in the filament evolution ͑not shown here͒. By varying numerically the original focal length f = 1.5 m by 10% and keeping all the other parameters unchanged, we observe an output FWHM duration of 14 fs for f = 135 cm. In contrast, enlarging the focal length to f = 165 cm gives about 11 fs duration at z = 2 m, but the diminished beam divergence after the focal spot leads to a new focusing sequence, making the temporal output profile unstable upon propagation.
To complete the present analysis, we analyze the scalability of this pulse compression mechanism with respect to pulse energy and gas pressure. It must be pointed out that scalability is analyzed for a single femtosecond filament only. Due to our numerical scheme we do not take multiple filamentation into account, as observed in our experiments Gaussian pulses in Ar at the pressure of 60 kPa with ͑a͒ P in = 4.5P cr ͑solid curve͒ and P in = 5.5P cr ͑dashed curve͒ and 11 mm ͑FWHM͒ initial waist; ͑b͒ 10 mm ͑solid curve͒ and 12 mm ͑dashed curve͒ initial waist and P in =5P cr . Insets display the corresponding on-axis temporal profiles at the "compressor" exit at z =2 m.
for pulse energies larger than 5 mJ. Let us mention that at further elevated pulse energies the pulse breakup may be avoided, e.g., by suitable control of the spatial beam shaping. If we keep all other parameters as in Fig. 5 , increase the pulse energy by a given scaling factor, and decrease the gas pressure by the same factor, then the ratio of the input power to the critical power will remain constant. Since the dynamics of the self-focusing due to the optical Kerr effect is dictated by this ratio, we can naively expect that the pulse compression works equally well. In certain limits these expectations are true, as revealed by Fig. 9 . Even for a scaling factor of 8, the pulse duration is compressed by a factor of 2 compared to the initial 45 fs ͑dotted curve in Fig. 9͒ . At this pulse energy and gas pressure we reach the limit of the validity of our model, since the peak electron density ͑ ϳ 5 ϫ 10 17 cm −3 ͒ approaches the neutral atom density to within one order of magnitude.
Pulse compression seems to be less effective with increasing pulse energy and decreasing pressure. We explain this observation as follows: the maximum intensity is reached in the focal area. Its value, however, is determined by plasma defocusing and remains almost unchanged, whereas the input intensity is increased drastically. Hence, a larger part of the energy remains outside the center of the beam and spatial spreading of pulse front and back are less effective. For comparison, nonlinear losses were observed to increase to more than 15% for 32 mJ pulse energy.
Another limiting factor for compressing high-energy pulses is the onset of multiple filamentation, as observed in our experiments ͑see Sec. II͒. In the simulations, however, spatial multiple filamentation is a priori impossible due to the assumed rotational symmetry in transverse direction. Our model equations ͑1͒ and ͑2͒ are capable to describe the spatiotemporal dynamics of a single filament only. It is known that femtosecond filaments are azimuthally unstable ͓45͔. These instabilities can lead to multiple filamentation, depending on filamentation length and initial perturbations of the beam profile.
V. CONCLUSION
The combination of experimental and theoretical methods sheds new light on the temporal dynamics inside a femtosecond filament. In this picture, an about fivefold compression of Ϸ50 fs appears sensible, when parameters are carefully adjusted to right below the onset of two fragmentation processes, a spatial and a spectrotemporal one. For delaying the spatial fragmentation, the high beam quality and high pulseto-pulse stability of the kHz laser used for most of our studies appear to be of paramount importance, in particular when comparing with the studies done at 10 Hz. In contrast, it seems more difficult to completely avoid the spectrotemporal fragmentation, which leads to formation of a pulse pair rather than an isolated pulse. Our theoretical investigations clearly identify the initial beam collapse and subsequent refocusing events as the origin of this pulse splitting process. However, our studies also indicate a possibility to avoid the most detrimental implications of the temporal fragmentation as compression exclusively takes place in the newly generated blue part of the spectrum. In contrast, the red pedestal pulse exhibits several sharp spectral features, which correspond to elongated temporal structures, and is therefore poorly compressible. The dynamics in the blue wing of the spectrum appears to be much simpler, leading to a smooth spectral structure. The resulting blue subpulse is shaped upon propagation within the filament and reaches its shortest duration after several decimeters of propagation.
For a certain choice of experimental parameters, the two subpulses can be separated in time and also in frequency, such that simple ͑dispersionless͒ filtering may serve for a complete suppression of the pedestal in this scenario. Relative timing and weights of the two components appear highly dependent on the experimental parameters. Still, compressible pulse structures with a tolerable energy content of an incompressible pedestal can be found for input pulse energies ranging from about 2 to about 5 mJ. Our investigations indicate that both the onset of multiple filamentation as well as an increasing ionization degree of the plasma set a limit to scaling of filament self-compression towards much higher pulse energies. Similarly, as self-compression was not observed in the numerous experiments carried out below 1 mJ, this process seems possible only in a rather small window of pulse energies. Further studies need to show whether, for example, pressure gradients can be utilized to enlarge this parameter window to either side. Finally, the spatiotemporal structure of our pulse with increasing pulse duration at increasing beam radius may be of limited usefulness for loworder nonlinear processes, e.g., for pump-probe studies on a second-order nonlinearity. Yet, this structure does not play a role for the main application of such powerful few-cycle pulses. Even given the current constraints in input energy, our scheme appears to be extremely useful for experiments in extreme nonlinear optics, enabling experiments in attosecond physics, high-harmonic generation, and multiphoton ionization studies with unprecedented pulse energies and, simultaneously, a sub-10-fs temporal signature of the excitation pulse. FIG. 9 . Peak intensities of 45 fs ͑FWHM͒ focused ͑f = 1.5 m͒ Gaussian pulses with P in =5P cr and 11 mm ͑FWHM͒ initial waist propagating in Ar at the pressure of 30 kPa ͑dashed curve͒, 15 kPa ͑solid curve͒, and 7.5 kPa ͑dotted curve͒. Insets display the corresponding on-axis temporal profiles at the compressor exit at z =2 m.
